Abstract Chronic repeated exposure to hyperthermia in humans results in heat acclimation (HA), an adaptive process that is attained in humans by repeated exposure to hyperthermia and is characterized by improved heat elimination and increased exercise capacity, and acquired thermal tolerance (ATT), a cellular response characterized by increased baseline heat shock protein (HSP) expression and blunting of the acute increase in HSP expression stimulated by re-exposure to thermal stress. Epidemiologic studies in military personnel operating in hot environments and elite athletes suggest that repeated exposure to hyperthermia may also exert long-term health effects. Animal models demonstrate that coincident exposure to mild hyperthermia or prior exposure to severe hyperthermia can profoundly affect the course of experimental infection and injury, but these models do not represent HA. In this study, we demonstrate that CD-1 mice continuously exposed to mild hyperthermia (ambient temperature~37°C causing~2°C increase in core temperature) for 5 days and then exposed to a thermal stress (42°C ambient temperature for 40 min) exhibited some of the salient features of human HA, including (1) slower warming during thermal stress and more rapid cooling during recovery and (2) increased activity during thermal stress, as well as some of the features of ATT, including (1) increased baseline expression of HSP72 and HSP90 in lung, heart, spleen, liver, and brain; and (2) blunted incremental increase in HSP72 expression following acute thermal stress. This study suggests that continuous 5-day exposure of CD-1 mice to mild hyperthermia induces a state that resembles the physiologic and cellular responses of human HA. This model may be useful for analyzing the molecular mechanisms of HA and its consequences on host responsiveness to subsequent stresses.
Introduction
Heat acclimation (HA) is an adaptive physiological process that is attained in humans by repeated exposure to hyperthermia such as occurs during strenuous activity at high ambient temperatures (Sawka et al. 1996; McClung et al. 2008 ). This process confers benefits during subsequent heat stress by reducing the incidence and severity of serious heat illnesses through reduced cardiovascular, thermal, and metabolic strain. Well-controlled programs designed to induce HA have been actively employed by athletes and the military since the early 1940s to improve endurance and performance under strenuous conditions and elevated temperatures (Sawka et al. 1985 (Sawka et al. , 1996 (Sawka et al. , 2001 Nielsen et al. 1993; McClung et al. 2008) . Despite the persistent use of HA protocols and its known effects on the physiologic response to stress, significant gaps remain in our understanding of the molecular mechanisms and biological consequences of this adaptive process. Our laboratory (McClung et al. 2008 ) and others (Dietz and Somero 1992; Flanagan et al. 1995; Maloyan et al. 1999; Buckley et al. 2001; Tomanek and Somero 2002; Horowitz et al. 2004; Lund et al. 2006; Marshall et al. 2007; Yamada et al. 2007) have recently demonstrated that human HA and experimental animal models of HA are accompanied by elements of acquired thermal tolerance (ATT), characterized by modifications in constitutive and heat-inducible expression levels of heat shock proteins (HSPs). However, a broader understanding of the effects of HA on gene expression and cell function and the ultimate effects on human health is lacking.
Previous studies, including from our own laboratory, demonstrated that acute exposure of mice to moderate, febrile-range hyperthermia (FRH;~39.5°C core temperature) concurrent with infection or treatment with noninfectious inflammatory agonists had previously unsuspected effects on immunologic function and cell survival (Jiang et al. 1999a (Jiang et al. , b, 2000 Ostberg et al. 2000 Ostberg et al. , 2001 Evans et al. 2001; Hasday et al. 2003; Ellis et al. 2005; Rice et al. 2005; Chen et al. 2006; Singh et al. 2008) , including increased trafficking of neutrophils (Hasday et al. 2003; Ellis et al. 2005; Rice et al. 2005; Singh et al. 2008 ) and lymphocytes (Jiang et al. 1999a (Jiang et al. , b, 2000 Ostberg et al. 2000; Evans et al. 2001; Chen et al. 2006) , and altered expression of proinflammatory cytokines (Hasday et al. 2003; Ellis et al. 2005; Rice et al. 2005; Chen et al. 2006; Singh et al. 2008) and adhesion molecules (Evans et al. 2001; Hasday et al. 2001; Chen et al. 2006) . Other studies have shown that a single pre-exposure to hyperthermia in the heat shock range (~42°C) followed by several hours of normothermic recovery confers protection against subsequent tissue injury, an effect attributed to activation of the heat shock response and increased HSP generation (Villar et al. 1993; Javadpour et al. 1998; Slutsky 2002) . Furthermore, the heat shock response not only protects against subsequent thermal stress but also induces cross tolerance to other unique insults such as ischemia, hypoxia (Christians et al. 2002) , endotoxemia (Chu et al. 1997) , and burns (Meyer et al. 2000) . Although neither of these acute heating models reflects the long-term, recurrent exposure to moderate hyperthermia (e.g., troops deployed to hot environments, athletes in training, and individuals who work in hightemperature environments), these studies indicate the complex, potentially profound effects of hyperthermia on host responses to stress, including immune responses to infections and injury, and underscores the importance of the heat shock response pathway in mediating many of these effects. In fact, studies in rats (Maloyan et al. 1999 ) and humans (Yamada et al. 2007; McClung et al. 2008) demonstrated that HA is accompanied by reprogramming of HSP gene expression, and that induction of HSPs is likely concurrent with HA and is an integral component of the HA process.
Compared with the acute effects of short-term heat exposure, little is known about the delayed health effects of chronic exposure to hyperthermia. The available data are limited to observations made in patients with acute heatrelated illness (Sonna et al. 2004 ) and epidemiologic studies of athletes during prolonged training programs and troops returning from high-temperature military theaters (Peters and Bateman 1983; Linde 1987; Fitzgerald 1991; Peters et al. 1993; Gleeson et al. 1995; Riddle et al. 2007; Roop et al. 2007) . Several survey studies suggest that prolonged intense exercise increases the risk of upper respiratory tract infection (Peters and Bateman 1983; Linde 1987; Fitzgerald 1991; Peters et al. 1993) . A survey study of troops participating in Operation Bright Star during the summer in Egypt showed respiratory illnesses reported in 47% of 1,454 deployed troops or 73 episodes per 100 personmonths (Riddle et al. 2007) . In a survey of troops participating in Operation Enduring Freedom in Iraq from April to July 2003, Roop et al. (2007) reported new or increased symptoms of shortness of breath during deployment in 13% of 155 survey respondents. Elite swimmers undergoing 7 months (Gleeson et al. 1995) of intensive training exhibited a 57% reduction in circulating NK cells. Collectively, these studies suggest that repeated exposure to exertional hyperthermia, which leads to HA in humans, also exerts important effects that may modify the capacity of individuals to cope with subsequent stresses. While the individuals in these studies were exposed to different environmental factors and variable degrees of physical exercise, they likely have in common chronic, recurrent exposure to hyperthermia. That these uncontrolled studies are only correlative in nature demonstrates the limitations of human studies, but the results underscore the importance of a more complete understanding of the biological effects of such exposures.
A fundamental obstacle to progress in this field is the lack of a facile animal model that mimics the physiologic and molecular features of humans exposed to chronic recurrent hyperthermia. The absence of such a model not only limits our understanding of the cellular and molecular changes that occur during such exposures but it also restricts our efforts to study the effects of chronic hyperthermia on the response to defined environmental challenges and pathologic states. The best-studied model of human HA to date, the Sabra mouse model (Shein et al. 2008 ) requires a 30-day exposure to hyperthermia to achieve an HA-like state. In this study, we have modified our short-term hyperthermic CD-1 mouse model to develop a continuous 5-day heating protocol that maintained core temperature~2°C above basal levels and elicited physiological responses and HSP gene expression profiles similar to that of humans exposed to a standard 10-day HA protocol (McClung et al. 2008 ).
Materials and methods
Five-day heat acclimation protocol and acute thermal stress exposures Male CD-1 mice weighing 30-35 g were purchased from Charles River and housed in the Animal Care Facility in the Veterans Administration Medical Center, Baltimore under AALAC-approved conditions and under the supervision of a full-time veterinarian. Mice were adapted to standard plastic cages with standard bedding and a plastic igloo for at least 7 days before the study and were used within 8 weeks of arrival. To avoid the influence of diurnal cycling, all experiments were started at approximately the same time each day (between 8:00 and 10:00 AM). Lights were cycled on and off at 7:00 AM and 7:00 PM daily. Mice in which physiologic response to HA and thermal stress protocols was measured were implanted with intraperitoneal telemetric thermistors (Data Sciences International, DSI; St. Paul, MN, USA; ETA-F10) 7 days prior to HA exposure. A sterilized ETA-F10 transmitter was placed into the peritoneal cavity and subcutaneous electrodes secured under isoflurane anesthesia as described in the manufacturer's protocol. The mice received 0.1 mg/kg buprenorphine analgesia s.c. q12h for two postoperative days, housed one mouse per cage, and were provided with food and water ad libitum immediately after surgery and allowed to recover for 7 days at~25°C ambient temperature. Additional mice were exposed to the same protocols in parallel and used for analysis of HSP expression.
HA was achieved by transferring the mice in their standard cages into modified Air Shields™ infant incubators set to 37°C for 5 days. The bedding and igloo were maintained and food and water were supplied ad libitum. Core temperature, heart rate, and a semi-quantitative assessment of activity were continuously monitored using the DSI Automated Data Acquisition System. Activity was measured using the DSI proprietary algorithm that predominantly assesses locomotor activity by measuring change in transmitter signal strength. Unacclimated controls were housed under identical conditions except at standard room temperature (~25°C).
The response to thermal stress was analyzed by exposing HA and unacclimated mice to 42°C ambient temperature for 40 min. An Air Shields™ infant incubator was modified to reach ambient temperatures of 42°C using three radiant heating panels (Boaphile model 1611) controlled with an electronic temperature controller (Ranco, London, UK). To ensure similar pre-thermal stress core temperatures in the unacclimated and HA mice prior to acute thermal stress, the HA mice were maintained at 25°C ambient temperature until core temperature returned to the level in unacclimated mice (~36.5°C). Mice implanted with transmitters were transferred to a standard mouse cage in the 42°C incubator for 40 min with continuous monitoring of core temperature, heart rate, and activity. The igloo and most of the bedding was removed to allow even heat distribution within the cage and water but not food was available ad libitum during the thermal stress exposure. Mice were then transferred back to their original cages with bedding, igloo, water, and food and allowed to recover at room temperature (~25°C) with continued monitoring of physiologic parameters (shown in Fig. 3 ) and euthanized 4 h later. Following euthanasia by exsanguination via cardiac puncture and cervical dislocation under deep isoflurane anesthesia, lung, heart, spleen, liver, and brain were harvested and snap frozen in liquid nitrogen for Western blot analysis and serum was collected for analysis of circulating HSP72. Other groups of HA and unacclimated mice were euthanized without exposure to thermal stress and organs harvested and processed using the same protocol. Body weight was measured manually using an electronic balance before surgery, prior to and following HA, and prior to and following thermal stress exposure. In some experiments, the food and water bottles were weighed prior to and immediately following the 5-day HA exposure and at comparable times in the unacclimated controls. All procedures were approved by the Baltimore VA and the University of Maryland, Baltimore, Institutional Animal Care and Use Committee.
Heat shock protein analysis Frozen organs were homogenized (Precellys™24; Bertin Technologies, Montigny-leBretonneux, France) using three 20-s cycles at 6,000 rpm in RIPA solution containing 10 μg/ml 4-(2-aminoethyl benzenesulfenylofluoride hydrochloride), 20 μg/ml aprotinin (20 μg/μl), phosphatase inhibitors 1 and 2 (Sigma; St. Louis, MO), and protease inhibitors (Roche Scientific, Indianapolis, IN, USA). The samples were clarified by centrifugation. Protein levels were measured using a commercial Bradford reagent (Thermo Fisher Pierce, Rockford, IL, USA); 10-20 μg of protein per lane was separated by 10% SDS-PAGE and electrostatically transferred to PVDF membrane. The membranes were blocked for 1 h at room temperature in blocking buffer (TBS-T) (10 mM Tris-HCl, pH 7.5, 136 mM NaCl, 2.0 mM KCl, 0.1% Tween 20) containing 5% non-fat dry milk. Following blocking, the membranes were washed with TBS-T and incubated with antibodies against HSP72 (Stressgen, Ann Arbor, MI, USA; cat. no. SPA812; 1:10,000 dilution), HSP90 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; cat. no. SC 7947; 1:10,000 dilution), or the control housekeeping gene β-tubulin (Millipore, Billerica, MA, USA; cat. no. MAB3408; 1:20,000 dilution) in blocking buffer overnight. After incubation with primary antibody, the membranes were washed with TBS-T, incubated for 1 h with horseradish peroxidase-conjugated secondary antibody, developed with a chemiluminescence detection system (Western Lightning Plus-ECL; Perkin-Elmer, Waltham, MA, USA), and quantified by direct imaging (Fuji LS4000 gel documentation system and ImageGauge software). Density of each HSP band was normalized to β-tubulin density after stripping and probing the same gel. HSP72 in serum was measured by ELISA in the University of Maryland Cytokine Core Laboratory using paired antibodies from R&D Systems and having a lower detection limit of 150 pg/ml.
Data analysis Data are presented as mean±standard error. For physiologic measurements during the 5-day HA exposure in Fig. 1 , we calculated the means for each 2-h interval during the 5-day exposure period. For core temperature and heart rate during thermal stress in Fig. 2 , we calculated the means for each 1-min interval during the 40-min exposure. For the physiologic changes during the post-thermal stress recovery period in Fig. 3 , we calculated the means for each 2-min interval. Physiological data was analyzed by repeated measures two-way analysis of variance using the JMP statistical package (SAS, Cary, NC, USA). Differences in Western blot protein quantification between two groups were analyzed by unpaired Student t test. Differences among more than two groups were analyzed by applying the post hoc Tukey honestly significant difference (HSD) test to a oneway analysis of variance (ANOVA). For activity during the 40-min thermal stress protocol, area under the activity-time curve was calculated using the trapezoidal rule (Atkinson 1989) for each third of the 40-min stress period, and differences between groups were analyzed by ANOVA/ Tukey HSD.
Results
Physiological responses during 5-day exposure to moderate passive hyperthermia In each of two experiments, groups of four mice were implanted with intraperitoneal thermistors, allowed to recover 7-10 days, then maintained at either standard room temperature (~25°C) or 37°C ambient temperature for 5 days while telemetrically monitoring core temperature, heart rate, and a global estimate of locomotor activity. As we have previously reported, an increase in ambient temperature to~37°C reduces the temperature gradient for heat elimination and leads to an increase in core temperature above the ambient temperature (Hasday et al. 2003; Rice et al. 2005) . Exposure to 37°C ambient temperature did not alter the activity level (Fig. 1c) of the mice or the circadian pattern of the measured physiologic parameters, but did cause~2°C increase in core temperature (Fig. 1a) over the first 10 h of exposure and~25% decrease in heart rate within the first hour of exposure (Fig. 1b) . These patterns were sustained during the 5-day exposure. Mice lost 5.6±1.2% body weight during the 5-day exposure compared with a gain of 3.8±1.2% during the same time period in the unacclimated mice despite ad libitum access to food and water and comparable activity levels in the two groups. Food intake was reduced by~30% (19.6±1.8 vs. 27.3±0.8 g) and water intake increased~65% (52.7±6 vs. 31.8±1.6 ml) during the 5-day HA exposure compared with unacclimated mice over the same time period. Food intake was negatively correlated with both water intake (Fig. 1d ) and positively correlated with change in body weight (Fig. 1e) .
Effect of 5-day heating protocol on physiologic responses to thermal stress and recovery We have previously demonstrated that humans undergoing a 10-day HA protocol comprising a 100-min treadmill walk at 49°C ambient temperature exhibited the following physiologic changes when compared to their pre-HA state: (1) slower rise in core temperature, (2) lower heart rate, and (3) increased exercise capacity at 49°C (McClung et al. 2008) . At the end of 5 days of continuous passive warming, mice were allowed to recover at standard room temperature (~25°C) until their core temperature returned to basal levels, which required approximately 45 min. Unacclimated and 5-dayheated mice were then exposed to 42°C ambient temperature for 40 min to analyze the effect of 5-day exposure to hyperthermia on physiologic response to acute thermal stress (Fig. 2) . Both 5-day-heated mice and unacclimated mice increased core temperature (Fig. 2a) and initially increased activity (Fig. 2c) during the exposure to thermal stress. However, in comparison to unacclimated mice, 5-day-heated mice had a significantly slower increase in core temperature (Fig. 2a) despite exhibiting more sustained activity (Fig. 2c) . Prior to thermal shock, HR was approximately 20% slower in the 5-day-heated mice ( Fig. 2b) , but upon transfer to the thermal stress cage, HR increased~20% in both groups of mice. HR slowed to prethermal stress levels in the 5-day-heated mice within 7 min and remained at this level for the duration of the thermal stress. Control mice exhibited a gradual slowing of HR, reaching a nadir of 550 by 22 min of thermal stress. When switched back to standard room temperature (~25°C) following the exposure to thermal stress, core temperature decreased to baseline levels more quickly in the 5-dayheated mice than in the unacclimated mice (Fig. 3a) . While the heart rate of the HA-exposed mice appeared to be less variable during the recovery period compared with the unacclimated mice, the difference did not reach statistical significance (Fig. 3b) .
Effect of 5-day heating protocol on baseline and postthermal stress HSP expression In our previous study of human HA, we showed that baseline HSP72 and HSP90 expression in peripheral blood mononuclear cells (PBMC) was higher following HA, but further induction following ex vivo heat shock was blunted in cells from the HA group (McClung et al. 2008) . To determine whether our continuous 5-day heating protocol induced similar changes in HSP gene expression in mice, we measured HSP72 and HSP90 protein levels in lung, liver, spleen, brain, and heart Fig. 2 Effect of 5-day HA protocol on physiologic response to acute thermal stress. Five-dayheated mice (HA) were returned to standard room temperature (~25°C) until core temperature returned to normal baseline (36.5°C). The five HA protocolexposed mice and unacclimated mice were individually exposed to acute thermal stress (42°C for 40 min) while continuously monitoring core temperature (a), heart rate (b), and activity (c).
The mean values for change in core temperature and heart rate were determined for each 1-min exposure interval. Heart rate (beats per min) a b Fig. 3 Effect of 5-day HA protocol on rate of cooling and heart rate normalization during post-thermal stress recovery. Following 40-min exposure to acute thermal stress, unacclimated and 5-day HA mice were transferred to standard room temperature (~25°C) and core temperature (a) and heart rate (b) were continuously monitored during recovery. The change in core temperature compared with immediate post-thermal stress levels were calculated and means of each 2-min interval for change in core temperature or for heart rate were calculated. Means±SE of eight mice per group are shown. The difference between groups was significant for change in core temperature with a p value <0.05 by repeated measures ANOVA of mice exposed to the 5-day heating protocol and unacclimated control mice in the presence or absence of an additional 40 min 42°C thermal stress and 4-h normothermic recovery. Protein levels were quantified by Western blotting and the band densities of HSP bands normalized to β-tubulin and expressed as fold-change compared with levels in unacclimated mice without acute thermal stress exposure (Fig. 4) . In the unacclimated mice, exposure to acute thermal stress induced 1.5-to 2-fold increases in HSP72 levels in all five tissues (Fig 4a-e) . In the mice exposed to the 5-day heating protocol, pre-thermal stress HSP72 levels in the same five organs were 2-to 3-fold higher than pre-thermal stress levels in the unacclimated mice, but exposure to acute thermal stress did not induce a further increase in HSP72 expression in the 5-dayheated mice. Pre-thermal stress levels of HSP90 were increased in spleen, brain, and heart of 5-day-heated mice compared with unacclimated controls, but exposure to acute thermal stress did not induce significant increases in HSP90 expression in either unacclimated or 5-day-heated mice ( Fig. 4f-j) . Soluble HSP72 was undetectable in serum from unacclimated to 5-day-heated mice, indicating the 5-day heating protocol increases baseline HSP72 levels in multiple tissues without stimulating detectable release of HSP72 into the circulation.
Discussion
We sought to develop a mouse model that exhibited the key physiological and cellular heat shock responses of human undergoing a previously characterized human HA protocol (McClung et al. 2008) . The human protocol consisted of repeated daily exercise at high ambient temperature for 10 days and resulted in increased exercise tolerance, slower rise in core temperature and lower maximal temperature, lower maximal heart rate, and increased sweating rates during subsequent exposure to exercise and hyperthermia (Sawka et al. 1996; Sawka and Young 2005; McClung et al. 2008) . While HA in humans was achieved by repeated intermittent increases in core temperature achieved by encouraging physical exercise at high ambient temperature (49°C), mice were subjected to continuous passive hyperthermia. Both models achieved an approximate 2°C maximal increase in core temperature. Aside from a 5.6% decrease in body weight, there were no detectable adverse effects observed in mice during the 5-day HA exposure. Considering HA mice exhibited activity levels and circadian rhythms that were similar to control mice, increased their water intake, and failed to demonstrate any physical signs of distress, the observed weight loss was not likely caused by dehydration. Rather, it is likely caused by adaptation to the approximate 20% increase in metabolism that is expected to accompany their 2°C increase in core temperature (Schumacker et al. 1987; Manthous et al. 1995 ) and a reduction in food intake, which has previously been shown to occur in humans and rodents during exposure to high ambient temperature (Esher and Wolfe 1979; Herman 1993) . The potential contribution of reduced calorie intake to the physiologic and cell biologic changes observed in the 5-day-HA-exposed mice is beyond the scope of the present study.
Humans undergoing a 10-day HA protocol exhibit improved capacity to defend against hyperthermia and increased exercise capacity on the tenth day of exercise/ heat exposure compared with the first day (Sawka et al. 1996; Sawka and Young 2005; McClung et al. 2008 ). In our previous study, subjects demonstrated a higher exercise time until exhaustion (95.5±11 min) following HA than before HA (79.3±21.1 min) (McClung et al. 2008) . The subjects demonstrated a lower mid-exercise core temperature following HA (37.77±0.40°C) than prior to HA (38.32 ±0.52°C), demonstrating a slower rise in core temperature during thermal stress in heat-acclimated individuals. As previously reported (Sawka et al. 1996; Sawka and Young 2005; McClung et al. 2008) , the slower increase in core temperature following 10 days of intermittent exercise/heat exposure is predominantly due to improved heat elimination as reflected by increased sweating rate (1.30±0.20 vs. 1.09±0.21 l/h). To analyze the effect of continuous 5-day moderate passive hyperthermia (5-day HA protocol) on the capacity of mice to tolerate thermal stress, we exposed 5-day-heated mice and unacclimated mice to an acute thermal stress at 42°C ambient temperature for 40 min. To ensure similar core temperatures at the beginning of thermal stress, the 5-day-heated mice were allowed to return to the same core temperature (36.5°C) as in the unacclimated state, which occurred over 45 min. Both unacclimated and 5-dayheated mice increased their activity level when transferred to the 42°C cage, an expected response to handling and a new environment. However, the 5-day-heated mice were able to sustain the higher activity level longer than the unacclimated mice, suggesting that, like heat-acclimated humans, the 5-day-heated mice exhibit enhanced exercise capacity during heat exposure. However, unlike humans undergoing HA, mice were not forced to maintain high activity levels. It is possible that the more sustained activity in the 5-day-heated mice was caused by factors other than increased exercise capacity.
As occurs with heat-acclimated humans, mice exposed to the 5-day heating protocol exhibited a slower rise in core temperature during acute thermal stress than unacclimated mice. After the first 15 min of thermal stress exposure, core temperature had increased 4.09±0.42°C in the unacclimated mice compared with only 3.52±0.23°C in the 5-day- Fig. 4 Effect of 5-day HA protocol on baseline and acute thermal stress-induced expression of HSP72 and HSP90 protein in multiple organs. Unacclimated mice and 5-day HA mice were either euthanized immediately following the 5-day HA protocol or were exposed to acute thermal stress (42°C ambient temperature for 40 min) and allowed to recover at standard room temperature (~25°C) for 4 h prior to euthanasia. Spleen (a, f), lung (b, g), brain (c, h), heart (d, i), and liver (e, j) were collected, snap frozen in liquid nitrogen, homogenized, and analyzed by Western blot for levels of HSP72 (a-e) and HSP90 (f-j). The intensity of the chemiluminescent bands was analyzed by direct imaging, standardized to β-tubulin band intensities, and expressed as fold change vs. unacclimated mice without exposure to acute thermal stress. Means±SE of eight mice in each of the four groups. *p<0.05 vs. unacclimated mice without exposure to acute thermal stress heated mice. That core warming was delayed despite higher activity levels in the 5-day-heated mice suggests a greater capacity for heat elimination in the 5-day-heated animals. The accelerated cooling during recovery in the 5-dayheated mice provides further support that these mice have enhanced cooling capacity. However, while improved heat elimination in heat-acclimated humans is known to be a result of enhanced sweating rates, the mechanisms responsible for increased heat elimination capacity in the 5-dayheated mice have not yet been delineated. Collectively, these data suggest that mice continuously exposed to moderate hyperthermia for 5 days exhibit improved heat elimination and increased exercise capacity during thermal stress, which are the hallmark physiologic characteristics of human HA. In this study, mice exhibited a rapid and sustained~25% decrease in heart rate upon transfer to 37°C ambient temperature. Transfer of 5-day-heated mice to 42°C environment did not reduce heart rate further. Unacclimated mice reduced their heart rate by~25% during the 40-min thermal stress. We have previously shown that humans participating in a 10-day HA protocol exhibited a 12% decrease in mid-exercise heart rate after day 5 of the HA protocol compared with their pre-acclimated state. Since the human subjects in this study were exercising while the mice in the present study were exposed to passive hyperthermia, it is not clear that the negative chronotropic effect of thermal stress was mediated by the same mechanisms in the two species. Spielman and Lyman (1971) previously reported a similar rapid onset of bradycardia in rats in response to thermal stress, which has been shown to be mediated by both direct effects on intrinsic pacemaker activity (Spielman and Lyman 1971) and by altered autonomic tone (Horowitz and Meiri 1993) .
We (McClung et al. 2008 ) and others (Yamada et al. 2007 ) have demonstrated that humans undergoing HA also exhibit the cellular changes characteristic of acquired thermal tolerance, specifically increased baseline expression of HSPs. Our previous study of HSP gene expression in PBMCs from human subjects participating in a 10-day HA protocol showed that levels of HSP72 and HSP90 increased by 17.6±6.1% and 21.1±6.5%, respectively, on the tenth day of HA conditioning compared with the first. However, the further induction of HSP72 in response to an ex vivo 43°C heat shock was blunted in the day-10 cells (McClung et al. 2008) . Yamada et al. (2007) reported similar effects of human HA on HSP72 expression in PBMCs. In the present study, mice that were continuously exposed to moderate hyperthermia for 5 days exhibited increased baseline levels of HSP72 protein in all organs and increased HSP90 levels in brain, spleen, and heart. To determine whether the 5-day HA protocol suppressed further induction of HSP expression following heat shock, we subjected unacclimated and 5-day HA mice to 42°C ambient temperature for 40 min, which increased core temperature to 40.83± 0.10°C. Mice were allowed to recover at 25°C ambient temperature for 4 h to allow time for generation of HSPs. As expected, we found that exposure to 42°C for 40 min stimulated a 1.5-to 2-fold induction of HSP72 protein levels in all organs tested in the unacclimated mice, but in 5-day-heated mice, HSP72 levels, which were higher at baseline than the heatinduced levels in unacclimated mice, were not further increased by acute thermal stress. These results suggest that the heat shock response is maximally activated in the 5-day-heated mice and is similar to the results of heat shock expression analysis in human heat acclimation (McClung et al. 2008; Magalhaes et al. 2010) . We failed to detect induction of HSP90 levels following acute thermal stress in either the unacclimated mice or the 5-day-heated mice. This is also consistent with our previous report of HSP expression in human PBMCs (McClung et al. 2008 ). Prior to HA, human PBMCs exhibited 4-fold higher induction of HSP72 than HSP90 following ex vivo heat shock, whereas ex vivo heat shock failed to induce HSP90 expression in PBMCs isolated after HA. These results are consistent with prior studies in ectothermic and endothermic animals that demonstrate an overlap between HA stimulated by continuous exposure to hyperthermia and expression of genes that comprise the heat shock response (Dietz and Somero 1992; Flanagan et al. 1995; Maloyan et al. 1999; Buckley et al. 2001; Tomanek and Somero 2002; Horowitz et al. 2004; Lund et al. 2006) . Furthermore, this analysis demonstrates that our 5-day continuous hyperthermia exposure mouse model reproduces with high fidelity the critical heat shock protein gene expression pattern associated with human heat shock.
In summary, we have developed a convenient mouse model of human HA, which requires only 5-day continuous exposure to moderate hyperthermia, and which recapitulates some of the physiological responses and the heat shock gene expression patterns exhibited by heatacclimated humans. We propose that this mouse model may be useful for analyzing the molecular mechanisms that produce the heat-acclimated phenotype and to analyze how recurrent exposure to hyperthermia, such as occurs during heat acclimation, may alter the capacity of the host to cope with future stresses.
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